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Prion diseases are caused by an unconventional infectious

agent termed prion, composed mainly of the misfolded prion

protein (PrPSc)1. The development of highly sensitive assays

for biochemical detection of PrPSc in blood is a top priority for

minimizing the spread of the disease2. Here we show that the

protein misfolding cyclic amplification (PMCA) technology3 can

be automated and optimized for high-efficiency amplification of

PrPSc. We show that 140 PMCA cycles leads to a 6,600-fold

increase in sensitivity over standard detection methods. Two

successive rounds of PMCA cycles resulted in a 10 million–fold

increase in sensitivity and a capability to detect as little as

8,000 equivalent molecules of PrPSc. Notably, serial PMCA

enables detection of PrPSc in blood samples of scrapie-afflicted

hamsters with 89% sensitivity and 100% specificity. These

findings represent the first time that PrPSc has been detected

biochemically in blood, offering promise for developing a

noninvasive method for early diagnosis of prion diseases.

Although prion diseases are relatively rare in humans, the recent
appearance of a new clinicopathologic phenotype, termed variant
Creutzfeldt-Jakob disease, and the experimental evidence that this
phenotype is causally linked to the causative agent of bovine spongi-
form encephalopathy4–6 have raised concern about a possible outbreak
of a large epidemic in the human population. Over the past few years,
bovine spongiform encephalopathy has become a significant health
problem affecting many countries7, and it is now apparent that variant
Creutzfeldt-Jakob disease can be iatrogenically transmitted from
human to human by blood transfusion8,9.

The central event in the pathogenesis of prion diseases is the
formation of a protease-resistant misfolded protein named PrPSc,
which is a conformationally modified version of a normal protein,
termed PrPC (ref. 10). PrPSc is the only validated surrogate marker
for the disease, but its concentration is high enough for routine
biochemical detection only in the brain and some lymphoid tissues2.
One important aim in diagnosis of prion disease is the biochemical
detection of PrPSc in blood, a fluid known to contain infective
agents8,11,12. Although much effort has been devoted to detect prions
in blood, thus far all attempts to develop a reproducible biochemical
detection assay using blood samples have failed because the quantity
of PrPSc in this fluid is very small.

With the aim of facilitating biochemical detection of PrPSc, we have
developed a new technique that enables PrPSc amplification in the test

tube3. This method, termed protein misfolding cyclic amplification
(PMCA), is based on conversion of large amounts of PrPC triggered by
undetectable quantities of PrPSc (refs. 3,13). In a cyclic manner and
conceptually analogous to PCR cycling, PrPSc is incubated with excess
PrPC to enlarge the PrPSc aggregates, which are then sonicated to
generate multiple smaller units for the continued formation of new
PrPSc (ref. 3). We and others have previously reported that PMCA
enables an increase of sensitivity for PrPSc detection between 10- and
60-fold3,14–17 and the technology was applied to replicate the mis-
folded protein from diverse species18. The newly generated protein
shows the same biochemical and structural properties as brain-derived
PrPSc and, notably, it is infectious to wild-type animals, producing a
disease with characteristics similar to those of the illness produced by
brain-isolated prions19.

The application of the PMCA technology for large-scale biochem-
ical diagnosis in blood depends upon designing an automated, high-
throughput system that will enable an increase of sensitivity of three to
five orders of magnitude over existing technologies. With this aim, we
have developed an automated PMCA system in which the sonication
is carried out in a microplate horn block sonicator that can be
programmed for automatic operation. This modification decreases
cross-contamination, as tubes remain sealed during the process and
there is no probe immersion in the samples. Nevertheless, the key
feature of the new machine is that it enables tests to be performed
automatically and to include routinely large numbers of cycles. As
reported before, the efficiency of amplification increases exponentially
with the number of cycles3. We analyzed the sensitivity of detection
after automated PMCA by comparing the signal intensity in western
blots before and after amplification. Performing 140 cycles of PMCA
enabled detection of PrPSc in as little as a 6.6 million–fold dilution of
scrapie brain infected with the 263K prion strain (Fig. 1a).
An equivalent signal of PrPSc was detected without PMCA in a
1,000-fold dilution of the same material, indicating that the increase
of sensitivity under these conditions was approximately 6,600-fold
(Fig. 1a). We did not detect any PrPSc signal when we subjected
normal brain homogenate to the same 140 PMCA cycles, but without
PrPSc inoculum (Fig. 1a). During these experiments, we noted that the
efficiency of amplification started to decrease after B150 cycles (75 h
of incubation). This problem is likely to be the result of a negative
effect of maintaining the material under continuous incubation at
37 1C on the stability of PrPC substrate or other brain cofactors
essential to catalyze the conversion. We based this conclusion on an
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experiment in which the amplification efficiency was substantially
reduced when we preincubated the 10% normal brain homogenate
(with or without sonication) during 75 h before the beginning of
PMCA amplifications (data not shown). Therefore, to further increase
sensitivity of detection, we carried out two successive rounds of
PMCA cycling by diluting the amplified samples into fresh 10%
normal brain homogenate (Fig. 1b). The experiment consisted of
performing a first round of 96 PMCA cycles in which PrPSc signal was
detected up to the 3.1 �106-fold dilution of scrapie-afflicted brain.

Thereafter, we diluted this and all the succes-
sive dilutions in which we had not detected
any PrPSc signal 10-fold into normal brain
homogenate and subjected the samples to a
new round of 118 PMCA cycles. This second
round of PMCA enabled detection of PrPSc

up to the 5 �1010-fold dilution of scrapie-
afflicted hamster brain (Fig. 1b), which cor-
respond to B0.02 mean lethal dose (LD50).
By comparing the signal intensity of PrPSc

with and without PMCA, the increase of
detection sensitivity over standard western
blot was around 10 million–fold. Our estima-
tions of the quantity of PrPSc detected by
serial automated PMCA (saPMCA) indicate
that two rounds of PMCA detected as little as
20 fg/ml, or as few as 4 � 105 equivalent
molecules of PrPSc per milliliter. Because we
used a volume of 20 ml for our studies, we
estimated that we were detecting approxi-
mately 8,000 equivalent molecules of PrPSc.
We performed these calculations by estimat-
ing the quantity of PrPSc in the brain homo-
genate by using western blot and ELISA and
comparing the signal with known concentra-
tions of recombinant PrP. The saPMCA pro-
cedure can be repeated several times to reach
even greater sensitivity in samples containing
tiny amounts of PrPSc. Control experiments
in which samples of normal brain homoge-
nates were subjected to the same series of
PMCA cycles, but in the absence of scrapie

brain inoculum, did not show any signal of protease-resistant PrPSc

(Fig. 1b). Moreover, even after as many as 20 rounds of saPMCA,
we did not detect any PrPSc signal in the absence of initial inoculum
(data not shown).

Thus far, the only method that could detect prions in blood of some
animals is the infectivity bioassay11,20,21. But the use of bioassays for
widespread diagnosis is limited by the length of time that it takes to
obtain results (several months to years) and the species barrier effect.
Nevertheless, these experiments enabled us to estimate that the buffy
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Figure 2 PrPSc detection in blood of scrapie

infected hamsters by saPMCA. Blood samples

from 18 clinically sick hamsters and 12 control

hamsters were taken. We used 1 ml of blood to

prepare buffy coat. The section corresponding to

buffy coat was subjected to freezing-thawing three

times and centrifuged at 100,000g for 1 h at

4 1C. The pellet was resuspended directly on

100 ml of 10% normal brain homogenate.

Samples were subjected to 144 cycles of PMCA.

We used 20 ml of the sample for detection of

PrPSc by western blot after digestion with pro-

teinase K. We diluted 8 ml into 72 ml of normal

brain homogenate and performed a new round of

144 PMCA cycles. We repeated this process

several times. Each panel represents the results
obtained in each round of PMCA. S, samples from

sick animals; C, samples from control animals.

We treated all samples with proteinase K (PK)

before electrophoresis, except the normal brain

homogenate (NBH) in which –PK is indicated.
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Figure 1 Automated PMCA enables ultrasensitive detection of minute quantities of PrPSc. (a) Aliquots

of 263K scrapie brain were subjected to the serial dilutions indicated in the figure, which were

prepared into 10% normal brain homogenate. Samples were either immediately frozen (nonamplified

samples; upper panel) or subjected to 140 PMCA cycles (lower panel). PrPSc reactivity was detected
after digestion with proteinase K using western blot. (b) As in a, scrapie brain was diluted serially into

10% normal brains and either kept frozen (upper panel) or amplified by 96 PMCA cycles (middle

panel). Starting with amplified samples corresponding to the 3.1 � 106 dilution of scrapie brain, all

the remaining amplified samples were further diluted 10-fold into fresh normal brain homogenate and

subjected to another round of 118 PMCA cycles (lower panel). Again PrPSc signal was detected by

western blotting after digestion with proteinase K. NBH, normal brain homogenate. –PrPSc corresponds

to the control experiment in which scrapie brain homogenate was not added to the samples. All

samples were treated with proteinase K (PK) before electrophoresis, except those in which

–PK is indicated.
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coat fraction from 1 ml of blood obtained from scrapie-afflicted
hamsters contains approximately 1–10 LD50, which is equivalent
to 0.1–1 pg or between 2 � 106 and 2 � 107 molecules of
PrPSc (refs. 2,11).

To evaluate the application of saPMCA for detection of prions in
blood, we obtained samples from 12 normal healthy control hamsters
and 18 hamsters with clinical signs of scrapie disease induced by
intracerebral inoculation of infected brain. We extracted the buffy coat
from 1 ml of fresh blood, centrifuged it and added it to 10% normal
hamster brain homogenate. After 144 PMCA cycles, 1 of the 18 scrapie
samples showed a signal corresponding to amplified PrPSc (Fig. 2).
After a second round of 144 cycles of PMCA, we observed PrPSc in
nine of the scrapie samples, but none of the control samples. After a
total of six rounds of PMCA, 16 of the 18 scrapie samples gave a clear
positive signal, whereas none of the 12 control samples showed any
detectable signal (Fig. 2). These results indicate that saPMCA enables
detection of prions in blood with 89% sensitivity and 100% specificity
(i.e., no false positives). We did not detect any signal in control
samples of blood even after 13 rounds of saPMCA (data not shown),
indicating that the procedure is very specific for detection of prions in
infected samples. Thus far, the only assay capable of detecting prions
in blood is the animal bioassay and its sensitivity for PrPSc detection in
hamster blood is B31%, which corresponds to an average of various
experiments reported by different investigators11. Therefore, saPMCA
has a substantially higher sensitivity than even the most sensitive
bioassay. Furthermore, because no other method can detect prions in
blood, it is yet not clear whether all sick animals are expected to
contain prions in their blood. Interestingly, we observed no correla-
tion between the quantities of PrPSc detected in the brain of these
animals, with the difficulty of detecting PrPSc in blood measured as
the number of rounds of serial PMCA needed to amplify the protein
to detectable levels (Fig. 3). These data suggest that the quantity of
PrPSc in blood varies among different animals. Whether PrPSc in
blood comes from brain leakage is presently unknown and currently
under investigation. But if this is the case, our data suggest that the
rate of leakage varies among different animals.

Our findings represent the first time that prions have been
biochemically detected in blood. The high level of sensitivity and
specificity indicate that saPMCA offers promise for the design of a

sensitive biochemical test for blood diagnosis of transmissible spongi-
form encephalopathies. One of the key factors that enables the
considerable increase of amplification rate as compared to our
previously reported PMCA technology is the automation of the
system, which allows the consistent running of a much larger number
of cycles. Also important is the discovery that addition of fresh
substrate tissue between serial rounds of PMCA leads to a substantial
boost in amplification. Finally, some small modifications in the
solution conditions (addition of EDTA and removal of SDS from
the conversion buffer) and the preparation of the brain homogenates
have been important to obtain high levels of amplification. In its
current state, saPMCA needs several days to detect PrPSc with high
sensitivity, which may raise questions regarding its practical applic-
ability for large-scale blood diagnosis. There are several easy-to-
implement improvements that may substantially decrease the time
needed to obtain results and may further increase sensitivity. PMCA is
not a detection system, but rather an amplification step that can be
coupled with any high-efficiency technology to detect PrPSc. For these
studies we used western blot, which is the most standard and reliable
assay to visualize PrPSc, but also one of the least sensitive. In addition,
because the misfolded protein detected after amplification is the one
we added as part of the substrate tissue, the protein can be labeled
using any radioactive, fluorescent or tagging procedure to enable high-
sensitivity detection. Finally, the automated PMCA procedure is
amenable to robotization for high-throughput screening of samples.

We are currently studying the detection of prions in blood from
infected animals during the presymptomatic phase as well as detection
of PrPSc in plasma and other blood fractions. The implementation of a
similar blood-detection procedure for human and cattle samples will
undoubtedly contribute to minimizing the risk of infection with
agents causing transmissible spongiform encephalopathies and will
have a tremendous impact on the beef industry, safety of blood banks
and plasma products, estimation of the variant Creutzfeldt-Jakob
disease epidemic and diagnosis of disease. An early and sensitive
diagnosis is also important from the treatment perspective, as it would
enable therapeutic intervention to start at an early stage of the disease,
before the appearance of clinical signs and permanent brain damage.

METHODS
Preparation of tissue homogenates. We perfused control and scrapie-afflicted

hamsters with PBS plus 5 mM EDTA before harvesting tissue. We prepared

10% brain homogenates (wt/vol) in conversion buffer (PBS containing

150 mM NaCl, 1.0% Triton X-100, 4 mM EDTA and the Complete Protease

Inhibitor Cocktail from Roche). We clarified the samples using a brief,

low-speed centrifugation (1,500 r.p.m. for 30 s) in an Eppendorf centrifuge.

We made dilutions of this brain homogenate in conversion buffer and dilutions

are expressed in relation to the brain (for example, a 100-fold dilution is

equivalent to a 1% brain homogenate). We discovered that the brain homo-

genate used as substrate should not be kept for 424 h at 4 1C and freezing-

thawing should be avoided. We also highly recommend that the brain

homogenate be stored at –80 1C instead of –20 1C. Although the inoculum

does not require special storage procedures, we recommend that it be stored

frozen at –80 1C. It is possible to freeze-thaw it at least 20 times without

significant loss of efficiency.

In vivo infectivity studies. We used Syrian Golden hamsters as an experimental

model of scrapie. We inoculated hamsters when they were 4–6 weeks old. We

stereotaxically injected anesthetized hamsters in the right hippocampus with

1 ml of the sample as previously described22. Hamsters at advanced stages of the

disease were killed using exposure to carbon dioxide to avoid excessive pain. We

extracted brains and homogenized them as described above. We titrated the

scrapie infectious material and obtained 1 LD50 from a brain dilution of

approximately 1 � 109.
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Figure 3 Comparison of the quantity of PrPSc in brain and blood. We

estimated the concentration of PrPSc in brain by western blot after

proteinase K digestion in each of the 18 hamsters used in Figure 2 to

detect PrPSc in blood. We based the estimation on the comparison of the
signal in western blots with known concentrations of recombinant PrP. In the

graph, PrPSc concentration in brain is plotted against the number of rounds

of PMCA needed to first detect PrPSc signal in the blood of the same

hamsters. ND, not detected.
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Blood preparation. We collected blood from normal and scrapie-afflicted

hamsters directly from the heart using a syringe containing EDTA. We placed

blood in tubes containing sodium citrate and separated the blood into

aliquots of 1 ml. Thereafter, we added 1 ml of PBS and separated the buffy

coat by a Ficoll gradient using standard procedures. We extracted the buffy

coat fraction, subjected it to three consecutive cycles of freezing and thawing

to break cells and centrifuged it at 100,000g for 1 h at 4 1C. We resuspended

the pellet directly in 100 ml of normal brain homogenate and subjected it to

PMCA cycling.

PMCA procedure. Although the principle of PMCA remains the same as

previously described3, we have optimized and automated the system, thus

enabling the routine processing of many samples through a large number of

PMCA cycles to reach higher amplification efficiency. We mixed aliquots of

normal and scrapie brain homogenate prepared in conversion buffer in a final

volume of 80 ml and loaded them into 0.2 ml PCR tubes. For amplification of

blood samples, we directly resuspended the buffy coat prepared as previously

described in 10% normal brain homogenate. We immediately froze controls at

–80 1C, and positioned tubes containing the samples to be amplified on an

adaptor placed on the plate holder of a microsonicator (Misonix Model 3000)

and programmed it to perform incubation cycles 30 min in length at 37 1C

followed by a 40 s pulse of sonication set at 60–80% potency19. We kept the

microplate horn in an incubator set at 37 1C throughout the whole process and

thus the incubation was performed without shaking. A more detailed technical

protocol for automated PMCA, including a troubleshooting section, has been

recently described23,24.

Protease resistance assay. We incubated samples with 50 mg/ml of proteinase K

for 60 min at 45 1C with shaking. We stopped the digestion by adding

electrophoresis sample buffer.

Western blot. We fractionated proteins by SDS-PAGE under reducing condi-

tions, electroblotted them into nitrocellulose membrane, and probed them with

3F4 antibody (Signet) diluted 1:5,000 in PBS, 0.05% Tween-20. We visualized

the immunoreactive bands by enhanced chemiluminescence assay (Amersham).

We analyzed western blot signals by densitometry, using a UVP Bioimaging

system EC3 apparatus.

PrPSc quantification. To estimate the quantity of PrPSc present in the 10%

scrapie brain homogenates, we analyzed several dilutions of scrapie brain

homogenate by western blot in the same gel as aliquots of known amounts of

recombinant hamster PrP. We evaluated the signal intensity by densitometry

and estimated the quantity of PrP in the sample by extrapolation of the

calibration curve prepared with recombinant PrP. To minimize artifacts due to

saturated or weak signal, we measured several different dilutions and analyzed

each dilution in triplicate. To standardize the signal among the different blots,

the densitometric data were expressed relative to the value of the signal of the

same quantity of normal brain homogenate (without proteinase K treatment).

We confirmed PrPSc quantification by ELISA using recombinant PrP as the

standard. We estimated the number of molecules of PrPSc detected by

mathematical calculation of the dilution and the known concentration of

PrPSc in the brain homogenate, and this estimation is expressed as equivalent

molecules to emphasize the fact that the number is obtained by comparison

with detection of recombinant PrP.
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